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INTRODUCTION

The number of patients undergoing transplantation has in-
creased exponentially in recent years. An estimated 15,000 allo-
geneic and 25,000 autologous stem cell transplants are performed

worldwide annually (132). Within the last 5 years (1998 to 2002),
a total of 113,682 solid organ transplant surgeries (an average of
22,736 annually) were performed in the United States (319). This
represents a 20.1% increase in the numbers compared to those in
the previous 5 years, i.e., 1993 to 1997 (319).

Transplant recipients are among the most significant sub-
groups of immunosuppressed hosts at risk for invasive aspergil-
losis. Aspergillus infections have been reported in 2 to 26% of
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hematopoietic stem cell transplant (HSCT) recipients and in 1
to 15% of organ transplant recipients (Table 1). Historically,
the mortality rate in transplant recipients with invasive as-
pergillosis has ranged from 74 to 92%. An estimated 9.3 to
16.9% of all deaths in transplant recipients in the first year are
considered attributable to invasive aspergillosis (237).

Transplantation practices, immunosuppressive regimens,
and the characteristics of patients undergoing transplantation
have continued to evolve (87, 136, 186, 296). These changes are
having a significant effect on the epidemiology of invasive as-
pergillosis. Since the late 1990s, a rising frequency of isolation
of Aspergillus species has been noted in large tertiary care
centers (52, 187, 296). At one institution, the incidence of in-
vasive aspergillosis in hematopoietic stem cell transplant re-
cipients increased from 7.3% in 1992 to 16.9% in 1998 (187).
Although an earlier detection of invasive aspergillosis remains
challenging, significant strides have been made in this context.

This review discusses the evolving trends in the epidemiol-
ogy, advances in diagnostic laboratory assays, and the approach
to antifungal treatment and prophylaxis for invasive aspergil-
losis in transplant recipients.

EPIDEMIOLOGY

Hematopoietic Stem Cell Transplant Recipients

Invasive aspergillosis has been reported in 0.08 to 2.6% of
autologous and 3.6 to 10.3% of allogeneic HSCT recipients,
with higher rates in those with unrelated or HLA-mismatched
than in HLA-matched donors (66, 102, 134, 186, 192, 226, 327).
Neutropenia has traditionally been the predominant risk fac-
tor, with most infections occurring prior to engraftment, par-
ticularly in autologous transplant recipients (210, 327, 335). In
recent years, alternative sources of harvested stem cells, newer
preparative regimens to decrease rejection and graft-versus-
host disease (GVHD), and aggressive therapeutic modalities
for GVHD have come to be employed with HSCT recipients
(87, 135, 186, 190, 197, 208, 215, 251, 305). These changes have
had a dramatic impact on the epidemiology of Aspergillus in-
fections in hematopoietic stem cell transplant recipients, both
autologous and allogeneic.

The frequency of invasive aspergillosis in autologous trans-
plant recipients has decreased, due largely to more rapid en-
graftment afforded by the use of hematopoietic growth factors
and of grafts with higher stem cell content (102).

The use of peripheral stem cells compared to bone marrow
cells for transplantation has been shown to lead to faster he-
matopoeitic cell repopulation and a reduced potential for dis-
ease recurrence (251, 305). Peripheral blood stem cells contain
not only more progenitor cells, but also an approximately 1-
log-unit-greater number of lymphocytes (23). The larger num-
ber of lymphocytes is beneficial in facilitating engraftment and
in providing antileukemic effects; however, it may potentially
confer a greater likelihood of GVHD (23). While the risk of
acute GVHD does not appear to be different, that of chronic
GVHD may be higher when peripheral stem cells are used for
transplantation (23). Compared to marrow transplantation
from an HLA-matched related donor, peripheral blood stem
cell transplantation from an HLA-matched related donor was
associated with a lower risk of early- but not of late-onset
invasive aspergillosis (186).

There has also been an increase in the use of umbilical cord
blood stem cells for transplantation, particularly in patients
�20 years of age (132). The recipients of cord blood are at a
notably high risk for invasive aspergillosis early after transplan-
tation (186). Delayed reconstitution of neutrophil function and
cellular immunity and the use of antithymocyte globulin as part
of the conditioning regimen in these patients may account for
these observations (186). Grafts selected for CD34� progeni-
tor cells have the potential to reduce tumor contamination but
may delay lymphocyte reconstitution, particularly of CD4�

cells (215). A trend towards a higher rate of invasive aspergil-
losis was noted in allogeneic transplant recipients with T-cell-
depleted or CD34-selected grafts (186). Invasive aspergillosis
was documented in 6% of the patients after CD34-selected
autologous peripheral blood stem cell transplantation and in
2% (P � 0.20) of those in a contemporaneous cohort who
received unselected autologous peripheral stem cell transplan-
tation (225).

Conventionally, the goals of conditioning regimens in HSCT
recipients have been to eradicate all host-derived hematopoi-
etic cells in order to minimize graft rejection and to eliminate
residual tumor cells. However, severe and protracted neutro-
penia resulting from these aggressive myeloablative regimens
has been a major risk factor for invasive aspergillosis and oth-
er opportunistic infections. Nonmyeloablative transplants in
which engraftment is achieved with reduced-intensity condi-
tioning regimens have now emerged as an important therapeu-
tic modality in HSCT recipients (87, 135, 197, 208, 329). Be-
tween 1998 and 2000, there has been an approximately fivefold

TABLE 1. Epidemiologic characteristics of invasive aspergillosis in transplant recipientsa

Type of transplant Incidence range, % (mean) Mean days to onset (range) % Due to disseminated aspergillosis % Mortality

Liver 1–8 (2) 17 (6–1,107) 50–60 87
Lung 3–14 (6) 120 (4–1,410) 15–20 68
Heart 1–15 (5.2) 45 (12–365) 20–35 78
Kidney 0–4 (.7) 82 (20–801) 9–36 77
Pancreas 1.1–2.9 NAb NA 100
Small bowel 0–10 (2.2) 289 (10–956) 66 66
Allogeneic stem cellc 5–26 (10) 78 (46–120) 27–30 78–92
Autologous stem cell 2–6 (4.8) 20 (7–456) 10–20 78–92
Nonmyeloblative stem cell 8–23 (11) 107 (4–282) 34 63–67

a Data are from references 37, 85, 87, 139, 161, 187, 198, 212, 237, 296, 327, 333, and 335.
b NA, not available.
c The data presented are for allogeneic myeloablative transplants.
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increase in the number of nonmyeloablative transplants; these
less intensive conditioning regimens are now used in about
25% of the allogeneic transplants in some institutions (132).

Nonmyeloablative conditioning comprises a wide spectrum
of reduced-intensity regimens. The risk of infection posed may
therefore vary for different regimens and between institutions.
Generally, these regimens have a reduced potential for causing
mucosal and myelopoietic toxicity but are highly immunosup-
pressive. Invasive aspergillosis has been reported in 11 to 23%
of the nonmyeloablative transplant recipients, with most stud-
ies reporting rates that are comparable to or somewhat higher
than those after conventional myeloablative hematopoetic cell
transplantation (87, 137, 329). A trend towards a higher risk of
invasive aspergillosis during the first year after transplant was
noted among nonmyeloablative compared to myeloablative
transplant recipients (hazard ratio, 1.54; 95% confidence in-
terval [CI], 0.96 to 2.47%; P � 0.09) (87). GVHD has been
identified as the major risk factor for invasive aspergillosis in
nonmyeloablative transplant recipients, with most infections
occurring postengraftment (8, 87, 329). Severe acute GVHD of
grade III or IV, chronic extensive GVHD, and cytomegalovirus
(CMV) disease each conferred an independent risk for inva-
sive mold infections in nonmyeloablative transplantation re-
cipients (87). In another study, a higher grade of GVHD and
a longer duration of corticosteroid therapy portended a signif-
icant risk for invasive aspergillosis in nonmyeloablative trans-
plant recipients (329).

A majority (76%) of the invasive mold infections after non-
myeloablative transplantation occurred between days 40 and
180; only 8% occurred before day 40, and 16% developed later
than 6 months posttransplantation (87). A lower risk of severe
and protracted neutropenia and the retention of donor T-cell
responses through mixed chimerism may have a role in pre-
venting early infections after nonmyeloblative conditioning
(137, 183).

Aggressive management of GVHD with potent immunosup-
pressive agents is also a major contributor to the risk for
Aspergillus infections (Table 2). Alemtuzumab (Campath-1H),
an anti-CD52 monoclonal antibody that depletes peripheral
blood T and B cells (without affecting the stem cells), has
increasingly come to be used in HSCT recipients. Campath-1H
as part of the conditioning regimen conferred a significantly

greater risk for early-onset invasive aspergillosis (8). Treat-
ment of GVHD with Campath-1H was likewise associated with
a higher risk for late-occurring invasive aspergillosis (8). Inflix-
imab (Remicade) is an anti-tumor necrosis factor alpha anti-
body used to treat GHVD. Its administration portended a high
risk of invasive filamentous fungal infections (193).

Taken together, these data suggest that invasive aspergillosis
in HSCT recipients now predominantly occurs late after en-
graftment in nonneutropenic patients in whom GVHD and its
management with increasingly intense immunosuppression
have emerged as major risk factors.

Isolation of Aspergillus species from the respiratory tract or
of A. fumigatus from any site has a high predictive value (rang-
ing from 60 to 82) for invasive infection in HSCT recipients
(237, 327). A. niger appears to be less virulent than A. fumigatus
and less likely to be associated with invasive infection when
detected in clinical specimens (327). Overall, 8.3% of A. niger
isolates compared to 80% of A. fumigatus isolates in one report
were associated with invasive infection (327). The fact that A.
niger was more likely to be recovered from rectal swabs sug-
gests that its acquisition may occur via the gastrointestinal,
rather than the respiratory, tract (327). An association between
A. flavus and sinusitis has been noted in these patients (78,
327).

A notable trend in HSCT recipients is the increasing fre-
quency of isolation of Aspergillus species other than A. fumiga-
tus (18, 187). A. terreus is the most common Aspergillus species
that is detectable in the bloodstream (151). Overall, A. terreus
accounts for �3% of the Aspergillus infections. In a recent
report, 20% of the invasive mold infections in HSCT recipients
were due to A. terreus (18). From 1996 to 1998, 33.7% of pos-
itive bronchoalveolar lavage (BAL) or biopsy cultures from
HSCT recipients yielded non-A. fumigatus species of Aspergil-
lus, compared with 18.3% from 1993 to 1995 (P � 0.01). These
data are worrisome given that some molds, e.g., A. terreus, are
innately resistant to amphotericin B.

The mortality rate in HSCT recipients with invasive aspergil-
losis ranges from 66.6 to 80% and does not differ for those with
early- versus late-onset infections. Invasive aspergillosis is a
significant contributor to non-relapse-related mortality in non-
myeloablative HSCT recipients; �9% of overall mortality and
39% of nonrelapse mortality in these patients were due to in-

TABLE 2. Variables portending a higher risk for invasive aspergillosis in transplant recipientsa

Type of transplant and
infection onset Variables portending higher risk

Hematopoietic stem cell
Early (within 40 days).........................................Cytomegalovirus disease, delayed neutrophil engraftment, alemtuzumab-containing conditioning

regimen
Late (after 40 days).............................................Cytomegalovirus disease, T-cell-depleted or CD34-selected stem cells, unrelated or mismatched donor

grafts, graft-versus-host disease, alemtuzumab for treatment of graft-versus-host disease,
corticosteroid dose of �0.5 mg/kg/day

Liver ..........................................................................Retransplantation, renal failure (particularly requiring renal replacement therapy), fulminant hepatic
failure as an indication for transplantation

Lung ..........................................................................Single lung transplant, cytomegalovirus infection, rejection and augmented immunosuppression,
obliterative bronchitis

Heart .........................................................................Isolation of Aspergillus species in respiratory tract cultures, reoperation, post-transplant hemodialysis,
cytomegalovirus disease

Kidney .......................................................................Graft failure requiring hemodialysis, high level and prolonged duration of corticosteroids

a Data are from references 8, 18, 85, 129, 186, 212, 213, 232, 237, 290, 291, and 293.
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vasive mold infections (87). The 1-year infection-related mor-
tality rate did not differ for patients who received standard
myeloablative (19%) or reduced-intensity (10%) conditioning
regimens after allogeneic peripheral blood cell transplantation
(190). For patients with mold infections, the 1-year mortality
was 68%, a rate similar to that of the recipients of myeloabla-
tive transplantation (87).

Liver Transplant Recipients

Invasive aspergillosis has been reported in 1 to 8% of liver
transplant recipients (36, 37, 47, 58, 85, 160, 214, 235, 314).
Aspergillus infections in these patients typically occur in the
early posttransplant period. The median time to onset after
transplantation was 17 days in one study (290) and 16 days in
another (283). A vast majority of the patients who developed
invasive aspergillosis had never left the intensive care unit after
liver transplantation surgery (30, 290). Liver transplant recip-
ients are also uniquely predisposed to dissemination of infec-
tion beyond the lungs, which occurs in �50 to 60% of cases
(237, 290, 316). Isolation of Aspergillus spp. from the respira-
tory tracts of liver transplant recipients is an infrequent event
(�1.5%). However, it has a high positive predictive value,
ranging from 41 to 72%, for invasive aspergillosis (237).

Renal dysfunction and retransplantation are among the
most significant risk factors for invasive aspergillosis in liver
transplant recipients (85, 237, 290). Renal failure, particularly
the requirement of renal replacement therapy, has been shown
to portend a 15- to 25-fold-greater risk for invasive aspergillo-
sis. Approximately one-fourth of the cases of invasive aspergil-
losis have occurred after retransplantation (85) Liver trans-
plant recipients undergoing retransplantation have a 30-fold
higher risk of invasive aspergillosis (85, 287). Fulminant he-
patic failure as an indication for liver transplantation, cytomeg-
alovirus infection, and human herpesvirus 6 infection has also
been shown to be a risk factors for invasive aspergillosis in
these patients (58, 77, 91, 259, 286).

Two notable changes in the epidemiology of invasive as-
pergillosis appear to have occurred in liver transplant recipi-
ents: the onset of invasive aspergillosis later in the posttrans-
plant period and a decline in the incidence of disseminated and
central nervous system infections (125, 291). In a study that
compared a cohort of patients with invasive aspergillosis from
1998 to 2002 with those from 1990 to 1995, 55% of the infec-
tions in the later cohort compared with 23% in the earlier
cohort occurred after 90 days after transplantation (291). The
precise reasons for the later occurrence of invasive aspergillo-
sis in liver transplant recipients are unclear. Technical surgical
advances and better management have led to a lower fre-
quency of organ system failures and an improved outcome in
the early postoperative period. Thus, patients at risk in the
early 1990s, who may otherwise not have survived, now con-
stitute a growing group of liver transplant recipients who still
develop Aspergillus infection, albeit in the later posttransplan-
tation period (291). Cytomegalovirus infection in organ trans-
plant recipients in the present era of ganciclovir prophylaxis is
occurring later (167, 288). In this context, a risk factor for
invasive aspergillosis may merely have been delayed, thus ac-
counting for the later occurrence of opportunistic infections,
such as invasive aspergillosis. In addition, hepatitis C virus

infection as an underlying liver disease has become an increas-
ingly common indication for liver transplantation in recent
years (291). Indeed, the frequency of hepatitis C virus infection
as an underlying liver disease in patients in the later cohort was
threefold higher than that in the earlier cohort (291). Signifi-
cant allograft dysfunction is a known risk for aspergillosis, and
because hepatic dysfunction in patients undergoing liver trans-
plantation for hepatitis C virus often occurs later in the post-
transplantation period, another risk factor for invasive as-
pergillosis may now be occurring later.

Whereas disseminated and central nervous system infections
were present in 61.5 and 46% of the patients, respectively, in
the earlier cohort, only 30% of the patients in the later cohort
had disseminated and none had central nervous system infec-
tion (291). A potential role of currently used immunosuppres-
sive agents has been proposed as a plausible explanation for
these trends. Calcineurin and target-of-rapamycin (TOR) in-
hibitor agents have potent in vitro activities against Aspergillus
species (253, 292). These agents (by inhibition of fungal ho-
mologs of calcineurin or the target of rapamycin) have been
shown to affect a variety of cellular and physiological processes
in a number of pathogenic fungi, including Aspergillus. Cal-
cineurin regulates hyphal growth and is essential for cell cycle
progression in A. nidulans (253). Furthermore, calcineurin and
TOR inhibitors, in particular, tacrolimus and sirolimus, were
found to enhance the activities of antifungal agents in vitro and
to attenuate the growth of all Aspergillus species tested (150).

The immunosuppressive activities of these agents outweigh
their antifungal activities in vivo. Consequently, invasive as-
pergillosis continues to be observed in organ transplant recip-
ients. However, it is plausible that the currently used cal-
cineurin and TOR inhibitors may have an impact on the
clinical manifestations, tissue tropism, or risk of dissemination
associated with this fungus (292). Data from animal studies
corroborate these observations. In a mouse model of invasive
aspergillosis, cyclosporine, tacrolimus, and rapamycin had no
impact on survival (119). However, histopathologic examina-
tion documented widely disseminated hyphae in the brains of
cyclosporine-treated mice, whereas the brains of tacrolimus-
and sirolimus-treated mice showed a nearly complete absence
of Aspergillus hyphae (119).

The mortality rate in liver transplant recipients with invasive
aspergillosis has ranged from 83 to 88% (68, 85, 237). More
recent studies, however, have reported better outcomes (84,
291). A lower mortality rate in patients receiving transplants
between 1998 and 2002 (60%) than in those receiving trans-
plants between 1990 and 1995 (92%) was attributable largely to
a lower incidence of disseminated infection and a lesser sever-
ity of illness in the current cohort of patients, independent of
the use of lipid formulations of amphotericin B as therapy
(127).

Lung Transplant Recipients

Aspergillus species can be detected in airway sample cultures
from �25 to 30% of lung transplant recipients (40, 139, 198,
291). Invasive aspergillosis, however, occurs in 3 to 15% (�6%
on average) of the patients (27, 34, 40, 101, 104, 121, 129, 139,
144, 157, 195, 198, 218, 221, 293, 333, 341); 58% of these
infections are tracheobronchitis or bronchial anastomotic in-
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fections, 32% are invasive pulmonary aspergillosis, and 22%
are disseminated infections with extrapulmonary involvement
(293). Aspergillus infection occurs a median of 3.2 months after
transplantation, with 51% occurring within 3 months and 72%
occurring within 6 months after transplantation (293). Tra-
cheobronchitis or anastomotic infections are the most fre-
quently occurring infections within 3 months after transplan-
tation, whereas invasive pulmonary and systemic infections
tend to occur later (293). The median times to onset were 2.7
months for tracheobronchitis or bronchial anastomotic infec-
tions, 5.5 months for invasive pulmonary, and 10.6 months for
systemic infections.

Host factors, including the underlying lung disease and the
type of lung transplantation (single versus bilateral), appear to
influence the risk and type of Aspergillus infection posttrans-
plantation. Single lung transplant recipients are more likely to
develop Aspergillus infections later after transplantation and to
have a higher incidence of invasive pulmonary aspergillosis (as
opposed to tracheobronchitis) and a higher mortality than
other lung transplant recipients (293, 299, 333). In the vast
majority of the single lung transplant recipients, invasive as-
pergillosis has been documented in the native lung, suggesting
that the infection likely originates from a preexistent focus or
a nidus in the native diseased lung (293, 333). Single lung
transplant recipients who developed invasive aspergillosis were
more likely to have chronic obstructive pulmonary disease as
an underlying condition, which is known to predispose patients
to airway colonization with Aspergillus (293). Using DNA prim-
ers for strain typing, a molecular epidemiologic study of lung
transplant recipients documented that while the clinical strain
of Aspergillus in one lung transplant recipient was identical to
the one collected from home, the isolates in the other three
patients were deemed more likely to be of nosocomial origin
(34). A higher mortality rate in single lung transplant recipi-
ents may be related to a higher incidence of invasive pulmo-
nary as opposed to tracheobronchial infections.

Bilateral and right lung transplant recipients had a higher
incidence of bronchial anastomotic infections in one report
(109). Patients undergoing bilateral lung transplantation gen-
erally have longer operations and may have a higher risk of
ischemia at the site of anastomosis and greater impairment in
the cough reflex and muociliary clearance that may confer a
higher risk of colonization and subsequent infection of the
anastomosis.

Colonization with Aspergillus is common in patients with
cystic fibrosis before transplantation (221, 232). While these
patients have been shown to be at risk for developing bronchial
anastomotic infections, particularly within the first month of
transplantation, the risk for pulmonary or disseminated infec-
tions does not appear to be higher.

Aspergillus infections in lung transplant recipients may be
accompanied by fever in only 15% of the patients (293). Fever
is generally absent in tracheobronchitis or bronchial anasto-
motic infections. A characteristic radiographic appearance is
also typically lacking. Focal areas of patchy consolidation of
infiltrates are the most common lesions on imaging studies.
Nodular infiltrates occur in �27 to 30% of patients, and the
halo sign is distinctly unusual (293).

The overall mortality rate from Aspergillus infections in lung
transplant recipients is 52 to 55% (198, 293). The mortality

rate ranges from 23.7 to 29% in patients with tracheobronchial
infections and from 67 to 82% in those with invasive pulmo-
nary infections. Since invasive pulmonary as opposed to tra-
cheobronchial infections occur more commonly in single lung
transplant recipients and in the later posttransplant period, the
outcome has been poorer in single lung transplant recipients
with invasive aspergillosis and in those developing late-onset
Aspergillus infections.

Heart Transplant Recipients

Invasive aspergillosis occurs in 3.3 to 14% (average, 6%) of
heart transplant recipients (100, 101, 120, 124, 205, 206, 212,
213, 280, 331). Aspergillus infections are the most commonly
occurring mycoses in heart transplant recipients, accounting
for 69.8% of all invasive fungal infections after heart trans-
plantation (101). The usual time of onset of invasive aspergil-
losis is 36 to 52 days posttransplantation, with nearly 75% of
the cases occurring within 90 days of transplantation. At one
institution, the onset of invasive aspergillosis was shown to
have been significantly delayed by the introduction of routine
ganciclovir prophylaxis for cytomegalovirus infection (205).

Aspergillus can be detected in �10% of heart transplant
recipients after transplantation (212). Recovery of Aspergillus
species from respiratory tract cultures, particularly of A. fu-
migatus, is highly predictive of invasive aspergillosis in these
patients (212). Reoperation, CMV disease, posttransplant he-
modialysis, and the existence of an episode of invasive aspergil-
losis in the institution’s heart transplant program 2 months
before or after the transplantation date have been shown to be
independent risk factors for invasive aspergillosis in heart
transplant recipients (213).

The mortality rate in heart transplant recipients with inva-
sive aspergillosis has ranged from 53 to 78% for invasive pul-
monary aspergillosis, was 90% for disseminated infections, and
was 100% for disseminated infections that involved the central
nervous system (205).

Renal Transplant Recipients

In renal transplant recipients, invasive aspergillosis has been
reported in �0.7% and in up to 4% of patients (9, 37, 56, 88,
106, 214, 237, 243, 332). Despite a relatively lower overall
incidence compared to other organ transplant recipients, inva-
sive aspergillosis is a significant contributor to morbidity in
renal transplant recipients. The national registry of U.S. Renal
Data System documented that between1994 to 1997, an esti-
mated 12% of hospitalizations for fungal infections were due
to aspergillosis (1). High dose and prolonged duration of cor-
ticosteroids, graft failure requiring hemodialysis, and potent
immunosuppressive therapy have been shown to be risk factors
for invasive aspergillosis after renal transplantation (106, 231,
237). The mortality rate in renal transplant recipients with
invasive aspergillosis has ranged from 75 to 80% (88, 237, 243).

PATHOPHYSIOLOGIC BASIS OF INFECTION

Host Response against Aspergillus

Immunity against Aspergillus is mediated by two types of host
responses, innate and adaptive (164, 199, 216, 261, 262, 274).
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The innate immunity is comprised of pulmonary alveolar mac-
rophages that ingest and kill the inhaled conidia, primarily by
nonoxidative mechanisms, and of circulating polymorphonu-
clear and mononuclear cells that mediate hyphal damage,
mainly by oxidative killing (164, 261, 328). Defects in phago-
cytic function, neutropenia, and corticosteroid therapy have
long been recognized as significant risk factors for invasive
aspergillosis (55, 169, 274). High cumulative doses of cortico-
steroids have been associated with a greater risk for invasive
aspergillosis (18, 186). High-dose prednisone (0.5 to 1.0 mg/kg
of body weight/day) for GVHD prophylaxis in allogeneic
HSCT recipients conferred a sixfold-higher risk of infection
than lower dosages (225). Corticosteroids also render antifun-
gal agents less effective as therapeutic agents (152) and are as-
sociated with a poorer outcome in invasive aspergillosis (255).

A body of evidence now suggests that T-cell function and
adaptive immunity characterized by a dysregulated production
of T-helper (Th) cell cytokines play a pivotal role in the patho-
genesis of invasive aspergillosis (49, 50, 54, 96, 113, 164, 169,
199, 262–264). T-helper CD4� cells are the major effector cells
responsible for cell-mediated immune responses for the erad-
ication of pathogens (233). Upon recognition of exogenous
antigen presented by major histocompatibility complex class II
molecules, T-helper cells differentiate into Th1 or Th2 cells,
which are morphologically indistinguishable but differ in the
pattern of cytokines they produce (233). Th1 cytokines induce
a predominantly cell-mediated inflammatory response, where-
as Th2 cytokines facilitate antibody production (164, 233).

Th1 responses, e.g., tumor necrosis factor alpha, gamma in-
terferon gamma, interleukin-12 (IL-12), and IL-15, have been
shown to confer protection against Aspergillus. These cytokines
augment superoxide production and enhance the antifungal
activity of polymorphonuclear and mononuclear phagocytes
against Aspergillus species. In a mouse model of invasive pul-
monary aspergillosis, exposure of immunocompetent animals
to a sublethal inoculum of Aspergillus conidia led to the devel-
opment of resistance to subsequent local and systemic infec-
tion (49). This protective Th1 response was characterized by
antigen-specific CD4� T cells that produced gamma interferon
and IL-2. Notably, adoptive transfer of Aspergillus-specific
CD4� splenic T cells from these animals conferred protection
in naive animals challenged with the Aspergillus conidia (233).

Th2 responses, e.g., IL-4 and IL-10 production, by compar-
ison have been associated with disease progression, and their
neutralization has been associated with an improvement in
infection. Th2 cytokines impair the microbicidal activity and
hyphal damage mediated by mononuclear cells. IL-10, which is
typically a Th2 cytokine, may paradoxically enhance the phago-
cytic activity against A. fumigatus hyphae (262). However, it
had no impact on the intracellular conidiocidal activity (262).
The net result of Th2 regulatory cytokines, however, is an
increased susceptibility to infection.

Signal transduction mediated by Toll-like receptors (TLRs)
has been shown to play a key role in immunity against aspergil-
losis (220). Of 10 human TLRs identified to date, TLR2 and
TLR4 are involved in the regulation of cytokines that are
important in the pathogenesis of A. fumigatus (220). Aspergillus
conidia stimulated both TLR2 and TLR4 to induce a Th1
cytokine response (220). Germination of hyphae led to the loss
of TLR4-mediated signals; however, TLR2-dependent mech-

anisms remained intact, leading to stimulated production of
IL-10 and ultimately a predominant Th2 response (220). Thus,
the switch from a proinflammatory to an anti-inflammatory
cytokine profile during germination of Aspergillus hyphae may
represent an escape mechanism by which the fungus evades the
host defense (220). These data also suggest that Toll-like re-
ceptor-mediated signaling pathways may represent a potential
target for immunomodulatory interventions against Aspergillus
(220).

T-cell responses may have an important role in the host de-
fense against aspergillosis in nonneutropenic hematopoietic
stem cell transplant recipients and organ transplant recipients
in whom neutropenia is not a major risk factor for invasive
aspergillosis. Allogeneic stem cell transplant recipients in the
late posttransplant period (median, 134 days) were shown to
have suppressed Aspergillus-specific T-cell reconstitution (113).
These patients also had a low gamma interferon/IL-10 ratio,
which is suggestive of a Th2 response that may potentially
account for their protracted susceptibility to the development
of invasive aspergillosis. By comparison, healthy individuals
demonstrated a predominantly Th1-type cellular response.

Finally, dendritic cells pulsed with Aspergillus conidia or
transfected with conidial RNA can induce Th1-cell priming
(33). Upon adoptive transfer, such cells were protective against
invasive aspergillosis in mice receiving allogeneic hematopoi-
etic stem cell transplantation (33). Thus, dendritic cells could
potentially be employed as one of the vaccine strategies against
invasive aspergillosis (33, 302).

Biologic Basis by Which Risk Factors Confer Susceptibility

Corticosteroids suppress several polymorphonuclear func-
tions, e.g., degranulation, oxidative burst, and chemotaxis.
Monocyte/macrophage function, e.g., maturation, superoxide
production, and migration, are also impaired. A higher risk for
Aspergillus infections portended by a number of well-recog-
nized risk factors in transplant recipients may also be mediated
by their effects on T-cell function. OKT3, an anti-CD3 mono-
clonal antibody, has been shown to be an independent risk
factor for invasive aspergillosis in liver transplant recipients
(160). Another risk factor for invasive aspergillosis after liver
transplantation is renal dysfunction (85, 287). Renal failure
and the initiation of hemodialysis have been shown to impair
T-cell proliferative responses and to result in an increase in
activation-induced T-cell death (12). A heightened susceptibil-
ity of transplant recipients with cytomegalovirus infection to
opportunistic mycoses, including invasive aspergillosis, has
been reported (91). CMV per se is an immunosuppressive
virus, particularly for cell-mediated immune responses (29,
279). Another possible mechanism may be through the ef-
fect of CMV on macrophage function (166). Finally, corti-
costeroids, apart from their effect on neutrophils and mono-
cytes/macrophages, cause Th1/Th2 dysregulation by enhancing
the Th2 cytokine response (169). Their use has been associated
with a decreased production of IL-2, IL-12, tumor necrosis
factor, and gamma interferon and an increase of that of IL-4
and IL-10 (169).

Taken together, these data suggest that approaches targeted
towards augmenting cellular immunity, such as neutralization
of suppressive cytokines, enhancement of Th1 responses, and
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transfer of adoptive cellular immunotherapy, warrant future in-
vestigations as therapeutic modalities for Aspergillus infections.

DIAGNOSIS

A substantial delay in establishing an early diagnosis remains
a major impediment to the successful treatment of invasive
aspergillosis. Cultures of the respiratory tract secretions lack
sensitivity. Aspergillus is grown from sputum specimens in only
8 to 34%, and from BAL specimens in 45 to 62%, of patients
with invasive aspergillosis (237). Thus, confirmation of the
diagnosis of invasive aspergillosis has typically required his-
topathologic evaluation. However, profound neutropenia and
thrombocytopenia often preclude the pursuit of biopsies for
acquisition of tissue. Characteristic radiographic findings on
high-resolution imaging studies e.g., the halo sign, have al-
lowed earlier diagnosis of infection in neutropenic patients.
The halo sign, however, is documented in 33 to 60% of patients
and is short-lived (41). To be useful for the diagnosis of inva-
sive aspergillosis, the computed tomography scan must be per-
formed within 5 days of the onset of infection, since �75% of
the initial halo signs disappear within a week (41). The “air
crescent” sign does not appear until the third week of the
illness, and its appearance may be too delayed to be helpful in
the diagnosis of invasive aspergillosis (41).

In the recent years, efforts have been directed towards iden-
tifying noninvasive markers for rapid and reliable diagnosis of
invasive aspergillosis. Those based on the detection of antifun-
gal antibodies have proven to be unreliable in transplant re-
cipients receiving immunosuppressive agents (51). Instead,
tests based on identifying fungal antigens or metabolites re-
leased into the circulation are potentially promising.

Diagnostic Laboratory Technology

Aspergillus galactomannan. Galactomannan is a polysaccha-
ride cell wall component of Aspergillus species that is released
into the circulation during fungal growth in the tissues (177,
307). The A. fumigatus galactomannan is comprised of a linear
mannan core with �-(1,2)-linked mannotetraose units attached
with an �-(1,6) linkage (165). The side chains, consisting of an
average of 4 to 5 �-(1,5)-galactofuranose units, are linked to
the C-6 and C-3 positions of �-(1,2)-linked mannose units of
the mannan core (165). Galactomannan is widely distributed
among the Aspergillus and Penicillium species. Subtle chemical
differences exist; however, the galactomannan of Aspergillus
has striking structural similarity to that of Penicillium.

Although galactomannan testing using latex agglutination
has been available for over a decade, a high detection thresh-
old for galactomannan with this assay has precluded its use as
a diagnostic test for invasive aspergillosis (307). The galacto-
mannan concentrations detectable by latex agglutination,
radioimmunoassay, and enzyme-linked immunosorbent assay
inhibition are 15, 10, and 4 to 5 ng/ml, respectively. The dou-
ble-sandwich enzyme-linked immunosorbent assay, on the
other hand, can detect galactomannan at concentrations of as
low as 0.5 ng/ml and has proven to be a potentially promising
tool for the early diagnosis of Aspergillus infection (307).

(i) Assay performance with various patient populations.
Studies evaluating the role of galactomannan assay in the di-
agnosis of invasive aspergillosis have largely been conducted
with patients undergoing cancer chemotherapy or HSCT re-
cipients (Table 3). In these patients a sensitivity of 67 to 100%
and a specificity of 86 to 98.8% has been documented (35, 172,
176, 177, 239, 260, 318, 325). When serially monitored, the

TABLE 3. Performance characteristics of Aspergillus galactomannan enzyme immunoassay in selected studies with transplant recipients

Refer-
ence

Cutoff
value Type of patients No. of

patients
Sensitivity

(%)
Specificity

(%)

Positive
predictive
value (%)

Negative
predictive
value (%)

False-
positive
rate (%)

Days by which test preceded
presentation

35 1.0 Hematology and HSCT 41 81.8 95.2

172 1.0 HSCT 22 60 82 �5 to �21a

176 1.0 Hematologic malignancy 191 91 91.5 88.2 93.5 14 Mean, 5 (1–27)b

196 1.0 HSCT 67 54.2 99.6 �4.5 to �0.6
0.5 HSCT 67 83.3 97

308 1.5 Hematology and HSCT 807 90.6 94 6.3 Mean, 8.4 before radiologic and
6.9 before clinical signs

175 1.0 Hematology and HSCT 100 94.4 98.8 94.4 98.8 Mean, 6 (1–12)c

239 1.5 Hematology and HSCT 728 29.4 94.8 57.7 84.9 5 2 (in 2 of 153 patients only)
1.0 Hematology and HSCT 728 35.1 98.5 87.0 84.4

83 1.0 Liver transplant 33 55.6 93.9 71.4 88.6

162 0.5 Liver transplant 154 NAd 98.5 NA NA 13 NA

126 0.5 Lung transplant 70 30 93 20 3 (in 1 of 12 patients)

a Clinical signs.
b Radiographic signs.
c Number of days between positive test and clinical and radiographic signs.
d NA, not available.
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galactomannan test preceded the diagnosis of invasive as-
pergillosis by an average of 6 to 14 days (Table 3). The sensi-
tivity of the test typically has been lower in nonneutropenic
patients (15 to 30%) and may be related to lower circulating
galactomannan levels, since the ability to clear the fungal man-
nan from the bloodstream by macrophage mannosyl receptors
remains unimpaired in patients without granulocytopenia. Ga-
lactomannan testing by enzyme immunoassay (EIA) has also
proven to be useful with specimens other than serum e.g.,
cerebrospinal fluid and BAL fluid. In comparison to that with
serum, the galactomannan test with BAL fluid had a higher
sensitivity in nonneutropenic (90 versus 38%) as well as neu-
tropenic (85 versus 47%) patients. Urine, on the other hand,
appears to be less appropriate than serum for testing galacto-
mannan, given a lower specificity and later diagnosis obtained
with urine samples (307).

The performance characteristics of the galactomannan test
are less well studied in organ transplant recipients. In liver
transplant recipients for whom archived sera were tested, the
sensitivity of the test was 55.6% and the specificity was 93.9%
(83). A prospective study with 154 liver transplant recipients
documented a specificity of 98.5% (162). In lung transplant
recipients, the galactomannan test had a specificity of 95% but
a relatively low sensitivity (30%) for the diagnosis of invasive
aspergillosis (126). Although the test was able to detect the
only case of systemic invasive aspergillosis and 29% of the
cases of pulmonary invasive aspergillosis, it detected none of
the cases of Aspergillus tracheobronchitis, a locally invasive
form of invasive aspergillosis in lung transplant recipients. No-
tably, however, colonization without invasive disease was not
associated with a positive test (126). Thus, while a positive test
in a lung transplant recipient with a clinical illness compatible
with invasive aspergillosis may be considered highly suggestive
of this infection, a negative test does not rule out the diagnosis
of invasive Aspergillus infection.

(ii) Other performance characteristics. The use of antifun-
gal agents may lower galactomannan levels by decreasing the
fungal load. In animal models of invasive aspergillosis in pa-
tients receiving cancer chemotherapy or undergoing HSCT,
and in lung transplant recipients, lower galactomannan index
values have been noted and may account for false-negative
tests (35, 86, 90, 126, 239, 244, 330). The sensitivity of the test
was 20% among neutropenic patients receiving antifungal pro-
phylaxis. In lung transplant recipients, 44% of patients with
false-negative tests had received an antifungal agent.

False-positive tests have been documented in up to 5 to 14%
of patients with hematologic malignancy and HSCT, 13% of
liver transplant recipients, and 20% of lung transplant recipi-
ents (44, 126, 162, 176, 177, 260). Cytotoxic chemotherapeutic
agents and autoreactive antibodies e.g., in chronic graft-versus-
host disease, have been shown to cause false-positive tests in
patients with hematologic malignancies and in HSCT recipi-
ents. Liver transplant recipients undergoing transplantation for
autoimmune liver disease and those requiring dialysis were
significantly more likely to have false-positive galactomannan
tests (162). Galactomannan is renally cleared, with excretion
into the urine accounting for 35% of the dose by 24 h in an
animal model study (22). However, the effect of renal failure or
dialysis on the clearance of galactomannan is not known.

In a report on lung transplant recipients, false reactivity with

the Aspergillus EIA was documented in 20% (14 of 70) of the
patients (126). False-positive tests occurred within 3 days of
lung transplantation in 43%, within 7 days in 64%, and within
14 days in 79% of the patients (126). Patients undergoing lung
transplantation for cystic fibrosis and chronic obstructive pul-
monary disease were more likely to have positive tests in the
early posttransplant period (126). Cross-reactivity of galacto-
mannan antibody with the lipoteichoic acid of Bifidobacterium
bifidum subsp. pennsylvanicum, which is found in large inocula
in the guts of breast- and formula-fed infants, may account for
high false positivity of the test in premature infants and neo-
nates (201).

Cross-reactivity of Platelia Aspergillus galactomannan EIA
with Penicillium spp. has been noted (310) but is deemed to be
of little clinical relevance since Penicillium spp. are rarely
pathogens in humans. Ansorg et al., however, first documented
that drugs of fungal origin such as antibiotics may be associated
with a false-positive test; galactomannan was detected in a
batch of ampicillin-sulbactam and in two batches of piperacillin
(13). At least three recent reports from Europe have docu-
mented false EIA reactivity related to the administration of
piperacillin-tazobactam (2, 309, 326). Over a 10-week period at
one institution, receipt of piperacillin-tazobactam was docu-
mented in 67.5% (25 of 37) of patients with positive tests,
compared to 5.4% (2 of 37) of those with negative tests (P �
0.001) (309). In another report, of samples from patients re-
ceiving piperacillin-tazobactam, 74% tested positive, com-
pared to 11% of those not receiving this agent (326). Twelve of
15 batches of piperacillin-tazobactam tested yielded a positive
test, with a median index value of 4.6 (326). Three of four
batches of piperacillin-tazobactam were shown to test positive,
with estimated amounts of 10, 2, and 30 	g of the galactoman-
nan antigen per 4-g dose of piperacillin-tazobactam in each of
the batches (2).

The reactivities of commonly used antibiotics of fungal ori-
gin (penicillins and cephalosporins), nonfungal origin (eryth-
romycin and gentamicin), and synthetic origin (quinolones)
with the Platelia Aspergillus galactomannan assay were as-
sessed in one study (294). Undiluted samples of piperacillin-
tazobactam and piperacillin tested positive, whereas those of
amoxicillin, ampicillin-sulbactam, cefazolin, ceftazidime, eryth-
romycin, gentamicin, and levofloxacin tested negative. All lots
(n � 3) of piperacillin-tazobactam and all bags within each lot
tested positive with an index value of greater than 5.168. At
achievable concentrations in serum, however, only one of three
lots of piperacillin-tazobactam yielded a positive test; concen-
trations of 75, 150, and 300 	g/ml tested positive, whereas
lower concentrations, mimicking the trough levels (5 to 10
	g/ml) tested negative for the galactomannan. Thus, achiev-
able concentrations of piperacillin-tazobactam in serum may
potentially result in a false-positive test for galactomannan
(294, 309, 326). The timing of collection of the sample may
influence the test results, with reactivity being less likely in
samples collected at trough levels or prior to the administra-
tion of the dose (294).

1,3-�-D-Glucan. 1,3-�-D-Glucan is an integral component
the cell walls of a number of pathogenic yeasts and filamentous
fungi. A colorimetric assay for its detection has been devel-
oped based on the principle that factor G, a coagulation factor
for the horseshoe crab, is a sensitive natural detector of this
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antigen (202). The results of the assay are expressed in pico-
grams per milliliter. The 1,3-�-D-glucan assay does not detect
cryptococcosis, oropharyngeal candidiasis, or fungal coloniza-
tion. However, in addition to aspergillosis and candidiasis, it
detects infections caused by less common fungi, e.g., Fusarium,
Trichosporum, Acremonium, and Saccharomyces. The sensitiv-
ity and specificity of the tests in studies thus far have ranged
from 67 to 100% and 84 to 100%, respectively (202, 222, 223,
343). Preliminary data from a multicenter study documented
that 8 of 10 patients with invasive aspergillosis were positive at
a cutoff of 60 as well as 80 pg/ml with the Glucatell assay for
the detection of 1,3-�-D-glucan (229). False-positive tests
have been reported in patients undergoing hemodialysis,
patients with cirrhosis, recipients of antitumor polysaccharides,
and patients immediately following abdominal surgery. An as-
say that utilized turbidometric readings for the detection of
1,3-�-D-glucan, the Fungitec G test for the diagnosis of sys-
temic mycoses, was shown to have lower sensitivity than the
colorimetric assay (122).

Aspergillus DNA detection by PCR assays. PCR-based mo-
lecular diagnostic tests for Aspergillus are not commercially
available and remain largely unstandardized. Such assays, when
performed on blood or BAL samples, have shown a negative
predictive value for invasive aspergillosis ranging from 92 to
99%. Thus, a negative test would suggest a low likelihood of
invasive aspergillosis. However, PCR-based assays performed
with BAL samples have shown low positive predictive values
that likely reflect the fact that Aspergillus may transiently col-
onize the respiratory tract; �25% of the BAL samples from
healthy subjects were positive for Aspergillus by PCR (20).
Serum- or plasma-based PCR assays have shown improved
specificity without loss of sensitivity. Compared to culture for
A. fumigatus, PCR was 19.4 times more sensitive (170). A sen-
sitivity of 79 to 100% and a specificity of 81.3 to 93% have been
documented, depending on the methodology used (38, 113, 138).

With neutropenic patients at high risk for invasive aspergil-
losis, the German Aspergillus PCR study group documented
sensitivity and specificity rates of 63.5 and 93.5%, respectively,
with nested PCR and of 14.3 and 98.9%, respectively, with
galactomannan for the diagnosis of invasive aspergillosis (39).
Quantifying nested PCR results with light cycler-mediated
PCR assay did not add to the diagnostic utility of the test (39).
When assessed simultaneously with a cohort of patients with
leukemia and those undergoing bone marrow transplantation,
the sensitivities of PCR, galactomannan assay, and 1,3-�-D-
glucan measurement for the detection of invasive aspergillosis
were 79, 58, and 67%, respectively, and the specificities were
92, 97, and 84%, respectively (138). Other studies have re-
ported PCR to be less sensitive than the glactomannan assay
for the diagnosis of invasive aspergillosis (35, 60). PCR results
were usually positive when the galactomannan sample was
highly positive; 12 of 20 PCR assays that yielded a positive
result were observed in association with galactomannan titers
of �5 ng/ml (35). A prospective comparison of real-time PCR,
galactomannan, and 1,3-�-D-glucan assays as weekly screening
for invasive aspergillosis in patients with hematologic disorders
showed that the galactomannan test was most sensitive at pre-
dicting the diagnosis (142).

Although the conventional immunoassays and PCR clearly
represent an advance compared to the detection of Aspergillus

by culture, they largely lack optimal sensitivity, specificity, and
the speed for the rapid diagnosis of infection. Rider et al. have
proposed a novel pathogen sensor system for the identification
of specific microorganisms that is based on the rationale that B
lymphocytes as mediators of the adaptive immune system have
evolved to efficiently identify pathogens (256). A biosensor
comprising B-cell lines genetically engineered to express mem-
brane-bound antibodies specific for the pathogen emits light
within seconds of exposure to the targeted pathogen. A notable
attribute of this pathogen identification system is that it can be
tailored to detect a specific species of the microorganism (254,
256). Although this technology has not yet been applied for
mycologic diagnosis, it is particularly relevant for the detection
of Aspergillus, where timely and accurate diagnosis is critically
important for the prompt initiation of appropriate therapy.

MANAGEMENT

In Vitro Susceptibility to Antifungal Agents

The interpretation of in vitro susceptibility data for Aspergil-
lus species has long been difficult because much data have been
based upon nonstandardized testing methods. The methods for
testing susceptibility, morphological variations in the fungus,
differences in growth rates and optimal growth conditions may
all influence determination of the susceptibility of the fungus
to antifungal drugs. In view of this, the National Committee for
Clinical Laboratory Standards (NCCLS) has proposed a ref-
erence method for broth dilution antifungal susceptibility test-
ing of conidium-forming fungi (219). E-test methods have also
been utilized (284). However, evaluation of echinocandin sus-
ceptibility by using broth dilution testing is difficult, because
echinocandin-exposed Aspergillus isolates demonstrate growth
in every well, making end points of growth and MICs difficult
to determine (15). Alternative methods to assess the suscepti-
bility of Aspergillus isolates to echinocandins have been pro-
posed (131, 159). One of these is assessment of the minimal
effective concentration, i.e., the lowest echinocandin concen-
tration at which the fungi display microscopic morphological
changes (159). Imhof and colleagues (131) have developed two
additional methods: an agar dilution technique and a method
to measure fungal burden by quantifying secretion of galacto-
mannan. It remains to be seen whether these tests can or
should be implemented in clinical practice.

Fluconazole is essentially ineffective against Aspergillus spp.
Amphotericin, the newer azoles, and the echinocandins are
generally active against Aspergillus spp. (Table 4). However,
resistance of Aspergillus isolates to amphotericin, itraconazole,
voriconazole, and caspofungin has either been observed in
isolates from patients or been created in the laboratory (71, 74,
81, 131, 180), It has been suggested that in vitro susceptibility
testing of Aspergillus spp. is a predictor of clinical outcome in
invasive aspergillosis (163). This statement was made on the
basis of the finding that nine patients infected with amphoter-
icin resistant-A. terreus but treated with amphotericin died
(163). Itraconazole resistance in A. fumigatus has been corre-
lated with clinical failure in both humans and experimental
animal models of infection (71). However, clinical failure in
invasive aspergillosis may have many causes other than drug
resistance; furthermore, in patients who have died from inva-
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sive aspergillosis despite amphotericin treatment, emergence
of resistance to amphotericin or itraconazole during treatment
has not been detected (65, 207). In a review of 11 patients with
hematologic malignancies in whom A. fumigatus or A. flavus
was isolated, while on amphotericin, resistance to amphoteri-
cin was not detected, but it was thought that poor drug pene-
tration to the site of infection may have been a contributor to
failure (238).

At the present time, antifungal susceptibility testing for As-
pergillus could not be recommended for routine clinical micro-
biology laboratories in hospitals which have transplant units.
However, species identification of Aspergillus isolates is indi-
cated; A. terreus is usually not susceptible to amphotericin, and
A. niger is rarely a cause of invasive infections in transplant
recipients.

In Vitro and Animal Studies Utilizing Combinations
of Antifungal Agents

Amphotericin and azoles. Potentially, one of the most excit-
ing developments in therapy of fungal infections is the oppor-
tunity for combination therapy. However, for many years,
there have been concerns over the potential risk of antago-
nism, especially when an azole is administered first with se-
quential administration of amphotericin. Some of these con-
cerns stem from experimental studies in which ketoconazole
has been shown to be antagonistic to amphotericin B in animal
models of disseminated aspergillosis (217, 249, 250, 275). Com-
binations of amphotericin and azoles have had conflicting re-
sults when tested in vitro, but the drugs do not appear to
reliably add significantly to each other’s activity against A.
fumigatus (Table 5). Amphotericin and itraconazole were syn-
ergistic for 14 to 40% of strains tested, additive for 20 to 26%,

but antagonistic for 26% of 15 strains in one series (178) and
for none of five strains in another series (70). In one isolate
from a patient in whom the combination of amphotericin and
itraconazole failed, antagonism between amphotericin and
itraconazole was demonstrated (273). In a study using E tests
as the testing method for assessment of drug combinations,
amphotericin and itraconazole were antagonistic, especially
when the amphotericin strip was applied after the itraconazole
strip (154). This negative interaction is presumed to be sec-
ondary to subtle alterations of the sterol composition of the
fungal membrane following exposure of the fungus to the azole
(154). Voriconazole and amphotericin appear to be an indif-
ferent combination (181). Indifference or antagonism occurs
when two azoles are used together (179, 211).

Amphotericin and flucytosine, rifampin, or terbinafine.
Combinations of amphotericin and flucytosine, although addi-
tive or synergistic in some studies, are more likely to be an
indifferent combination in vitro (70, 224). Antagonism has
been reported for 23% (6 of 26) strains in one study (70).
Combinations of amphotericin and rifampin or rifabutin are
frequently synergistic (70, 123, 224). Unfortunately, rifampin is
a difficult agent to use in transplant recipients because of its
frequent interactions with cyclosporine or tacrolimus. How-
ever, addition of rifampin consistently lowers the MICs of
amphotericin B by 2- to 10-fold (123). In 92% (36 of 39)
Aspergillus strains from one study, amphotericin and rifampin
were synergistic (70). A single animal model has examined the
combination of amphotericin B and rifampin (17), and synergy
was reported in the instance studied. Terbinafine and itracon-
azole were synergistic for all four strains tested in one small
study (268) and were additive or synergistic for all nine strains
in another study (211). The combination of terbinafine and
amphotericin B was synergistic for one of four and indifferent
for three of four strains tested in one study (268) and was
mostly indifferent or antagonistic in another (211). The syner-
gistic interaction of amphotericin B with terbinafine may vary
for different Aspergillus species. Antagonism was observed for
some strains of A. terreus, A. flavus, and A. niger but not A. fu-
migatus when amphotericin B was combined with terbinafine
(63).

Amphotericin and echinocandins. Significant interest has
been generated by the potential usefulness of echinocandins in
combination with other antifungal classes in the therapy of
invasive aspergillosis. The combination of caspofungin and am-
photericin B with the checkerboard method was synergistic or
synergistic to additive for at least half of the isolates (16).
Antagonism was not observed for any of the isolates tested
(16). Micafungin and liposomal amphotericin have been inves-
tigated in combination in a murine model (95), and while no
antagonism was observed, additive effects were seen only in
reduction of tissue burden under limited experimental condi-
tions. The survival of mice with invasive pulmonary aspergil-

TABLE 4. In vitro susceptibility of A. fumigatus to
antifungal agentsa

Drug
MIC (	g/ml)

50% 90% Range

Fluconazole �64 �64 �64
Miconazole 4 16 1–�64
Itraconazole 1 2 0.12–2
Ravuconazole 0.5 0.5 0.25–4
Voriconazole 0.25 0.5 0.12–4
Posaconazole 0.25 0.5 0.03–1
Caspofungin 0.06 0.12 0.06–0.12
Anidulafungin 0.03 0.06 0.004–0.12
Micafungin �0.03 �0.03
Nystatin 8 16 0.5–�64
Liposomal nystatin 2 2
Flucytosine �100 �100 0.5–�64
Rifampin �1,000 �1,000 �1,000
Terbinafine �16 �16 4–�16

a Data are collated from references 70, 207, and 248.

TABLE 5. Combination therapy and invasive aspergillosis

Combination In vitro results Clinical experience

Amphotericin plus azole Rarely synergistic; sometimes antagonistic No advantage over monotherapy yet demonstrated
Amphotericin plus echinocandin Sometimes synergistic Successful in 35 to 60% of patients, no comparative trials
Echinocandin plus azole Frequently synergistic Only case reports and a cohort study documenting success
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losis was significantly improved when micafungin was com-
bined with amphotericin than when either micafungin or
amphotericin was administered alone (148). On pathological
examination, hyphal growth could still be observed at day 6
when monotherapy was used, whereas no hyphal growth was
observed when combination therapy was used (217). A study of
experimental pulmonary aspergillosis in rabbits showed that
survival was achieved in 55% (5 of 9) of the rabbits treated with
a combination of micafungin and conventional amphotericin,
in 44% (4 of 9) treated with a combination of micafungin and
liposomal amphotericin, in 33% (3 of 9) treated with conven-
tional amphotericin alone, in 22% (2 of 9) treated with lipo-
somal amphotericin alone, and in 0% (0 of 20) of the untreated
controls (246). No statistically significant differences in out-
come could therefore be documented for the combination
therapy compared to monotherapy, but the number of mice
tested was small.

Echinocandins and azoles. Simultaneous inhibition of fun-
gal cell wall and cell membrane biosynthesis could be hypoth-
esized to result in a synergistic interaction between echinocan-
dins and azoles against Aspergillus. In vitro, synergy has been
observed between echinocandins and azoles for most (180, 240,
285), but not all (180), combinations assessed. Caspofungin has
been combined with voriconazole in a guinea pig model of
invasive aspergillosis (145, 240). No mortality occurred among
12 animals treated with both caspofungin and voriconazole,
whereas 4 of 12 and 6 of 12 animals treated with caspofungin
at 1 and 2.5 mg/kg/day, respectively, died. No animal treated
with voriconazole alone died. With the checkerboard method,
the combination of caspofungin and voriconazole exhibited a
synergistic effect against itraconazole-resistant strains of A.
fumigatus (63). Posaconazole combined with caspofungin was
synergistic against 26.3% of the isolates and additive against
70.2% when tested in vitro (269). No antagonism was ob-
served. Greater efficacy was also demonstrated in an incompe-
tent mouse model (269). When micafungin was combined with
ravuconazole in an experimental neutropenic rabbit model of
invasive aspergillosis, the combination led to a significant re-
ductions in mortality, residual fungal burden, and serum ga-
lactomannan antigenemia compared with either agent alone
(245). Combination therapy also resulted in a statistically sig-
nificant reduction in organism-mediated pulmonary injury and
in pulmonary infiltrates assessed by computed tomography
(245). Another variation in the concept of combination therapy
is sequential therapy. Previous exposure to intraconazole re-
sulted in enhanced effects of caspofungin and vice versa (153).

Therapy of Invasive Aspergillosis

Overview. An optimal approach to the treatment of invasive
aspergillosis has yet to be determined, but the availability of
new azoles and echinocandins may well revolutionize therapy
within the next 5 years. The possibility of combination therapy
has opened the way for particularly attractive investigations.
Timely initiation of treatment by way of early diagnosis must
always play an important role, as do reduction of immunosup-
pression and recovery from neutropenia. Local lesions should
be resected if possible. Therapy should be continued for 10 to
12 weeks or for at least 4 to 6 weeks beyond the resolution of
all clinical and radiographic abnormalities, whichever is longer

(289). The discussion below concentrates on treatment recom-
mendations for invasive pulmonary aspergillosis but applies,
with some modifications, to treatment of other invasive forms
of the infection. An additional reference on the topic is “Prac-
tice Guidelines for Diseases Caused by Aspergillus” from the
Infectious Diseases Society of America, published in 2000
(303).

Although amphotericin preparations have been the drugs of
choice for invasive aspergillosis for many years, a recent ran-
domized trial (116) comparing amphotericin with voricon-
azole appears to have placed voriconazole as the treatment of
choice for invasive aspergillosis. However, it must be recog-
nized that the clinical appearance of invasive aspergillosis may
be mimicked by mucormycosis and some other fungal infec-
tions. Voriconazole lacks activity against the zygomycetes, so
amphotericin should remain the drug of choice if microbio-
logic confirmation of Aspergillus infection is lacking.

The design of the study comparing voriconazole with am-
photericin was as follows. The study was an open, randomized
comparison of voriconazole and conventional amphotericin
(116). Patients received conventional amphotericin (1 mg/kg/
day) or voriconazole (6 mg/kg intravenously for two doses and
then 4 mg/kg every 12 h intravenously, which could be followed
by 200 mg every 12 h orally). Patients could be switched to
other licensed antifungal therapy (for example, lipid prepara-
tions of amphotericin or itraconazole) after their initial ran-
domized therapy. A total of 392 patients were enrolled over 3
years in 92 medical centers in 19 countries. Of these, 277
patients had confirmed invasive aspergillosis and received at
least one dose of the study drug; 144 of these patients received
voriconazole and 133 received conventional amphotericin. Ap-
proximately 80% of the patients had a hematologic malignancy
or had undergone allogeneic bone marrow transplantation.
After 12 weeks of receiving the first dose of study drug, a
complete or partial response was seen in 52.8% of those who
had received voriconazole and in 31.6% of those who had
received amphotericin. These differences were statistically sig-
nificant. Survival of patients at 12 weeks was 70.8% for those
who had received voriconazole versus 57.9% for those who had
received amphotericin. Again this difference was statistically
significant (hazard ratio, 0.59; 95% CI, 0.40 to 0.88).

Unanswered questions include whether voriconazole versus
lipid preparations of amphotericin from the outset of therapy
would have provided the same results. Three lipid preparations
of amphotericin are now marketed for clinical use: amphoter-
icin liposome for injection (AmBisome; Fujisawa, Deerfield,
Ill.), amphotericin colloidal dispersion (Amphotec; Sequus,
Menlo Park, Calif.), and amphotericin B lipid complex (Abel-
cet; The Lipsome Company, Princeton, N.J.). There are con-
flicting data as to which lipid preparation should be preferred
for treatment of invasive aspergillosis. However, a dose of 5
mg/kg/day is currently accepted as appropriate for all of these
drugs in the initial treatment of invasive aspergillosis.

A single-center, retrospective study that compared the out-
comes for 41 liver transplant recipients who received either
conventional amphotericin or amphotericin B lipid complex
documented that the 60-day mortality rate was 83% in the
patients treated with conventional amphotericin versus 33% in
the patients treated with amphotericin B lipid complex (168).
Although this was not a randomized analysis, in multivariate
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analysis amphotericin B lipid complex therapy was an indepen-
dent predictor of survival (168). In a randomized, double-
blind, controlled trial for the treatment of invasive aspergillosis
in immunocompromised patients, of whom 42% were HSCT
and 5% were organ transplant recipients, amphotericin B col-
loidal dispersion was shown to have an efficacy equivalent to
that of amphotericin B (32).

For A. terreus, voriconazole compared to other antifungal
therapies was associated with reduced mortality at 12 weeks
(300) and may be a better therapeutic option than a polyene.

Further clinical experience with voriconazole and posacon-
azole. In a number of small analyses of the use of voriconazole
in transplant recipients, the outcome has been similar to that
observed in the randomized trial described above (19, 72, 173,
194). In a large series of patients with central nervous system
aspergillosis treated with voriconazole, the survival rate was 15%
for those with hematologic malignancy, 21% for the HSCT
recipients, and 33 to 67% for others, which included organ
transplant recipients (317).

Two practical issues arise when utilizing voriconazole in the
management of transplant recipients. The first is that there is
a significant interaction between voriconazole and cyclospor-
ine, tacrolimus, or sirolimus (265, 323). In human liver micro-
somes, voriconazole at a concentration of 4 	g/ml inhibited the
metabolism of tacrolimus by 50% (323). Indeed, all azole an-
tifungal agents have the potential to increase the levels of
cyclosporine, tacrolimus, and sirolimus via inhibition of cyto-
chrome P450 isoenzymes (323). The rank order of potency of
the azoles for the inhibition of P450 isoenzymes is ketocon-
azole � voriconazole � itraconazole � fluconazole (322). The
second issue is that the use of intravenous voriconazole is
contraindicated in patients with creatinine clearance of less
than 50 ml/min. This is because of concerns regarding ac-
cumulation of voriconazole’s renally excreted carrier, sulfobu-
tyl ether �-cyclodextrin sodium. The consequences of accumu-
lation of sulfobutyl ether �-cyclodextrin sodium in humans are
not known. Oral administration of voriconazole in patients
with moderate to severe renal dysfunction is safe.

Posaconazole is a new triazole compound that exhibits sig-
nificant in vitro activity against a number of fungi, including
Aspergillus (61, 62). The drug is currently in advanced stages of
clinical development. It is orally bioavailable and exhibits dose-
proportional pharmacokinetics up to a total dose of 800 mg/
day; i.e., saturation of absorption occurs at doses of above 800
mg (61). Food increases the relative oral bioavailability of
posaconazole by 400% (62). The drug is metabolized by glu-
coronidation, with only minor amounts of the unchanged drug
excreted in the urine (158). Posaconazole inhibits CYP3A4 but
not cytochrome P450 enzymes. Since cyclosporine and tacroli-
mus are substrates for CYP3A4 as well, coadministration of
posaconazole with tacrolimus decreased tacrolimus clearance
by �5-fold (272). Concomitant administration of cyclosporine
with posaconazole necessitated a 14 to 29% reduction in cy-
closporine dosage (62).

Posaconazole was used in the treatment of 25 patients with
invasive aspergillosis refractory to conventional therapies
(108). Of 15 patients who were still alive 4 weeks after use of
the drug had commenced, 53% had a positive clinical response
(108). The dose used was 200 mg four times per day as an oral
suspension and 400 mg twice per day when the patient was

discharged from hospital (108). Of note is that posaconazole,
unlike other azoles, has promising activity against zygomycosis
(99). In patients with proven or probable zygomycosis who
received posaconazole for refractory infection or intolerance
to standard therapies, a successful outcome was documented in
70% (99).

Clinical experience with the echinocandins. Caspofungin is
licensed for use in the United States and most of Europe, and
micafungin is commercially available in Japan (69). Anidula-
fungin is not yet commercially available. Caspofungin received
U.S. Food and Drug Administration approval for the indica-
tion of refractory aspergillosis in January 2001. Caspofungin
has been evaluated in a multicenter, noncomparative study of
90 patients who failed treatment with or were intolerant to
conventional amphotericin, lipid preparations of amphotericin,
or azoles (178). The majority of the patients had hematologic
malignancies as their predominant underlying disease. Forty-
five percent of the patients with pulmonary aspergillosis had a
complete or partial response to therapy, compared to 20% of
patients with disseminated infection (178). It should be noted,
however, that it is difficult to arrive at firm conclusions regard-
ing the efficacy of antifungal drugs from studies of their use as
salvage therapy. A potential difficulty with the use of caspo-
fungin in the empirical treatment of patients with suspected
invasive aspergillosis is the possibility of unsuspected infection
with an organism resistant to the drug. Caspofungin is not
active against Trichosporon species or Cryptococcus neofor-
mans. An allogeneic peripheral blood stem cell recipient who
developed tenosynovitis due to Trichosporon beigelii while re-
ceiving caspofungin for a presumed fungal pneumonia has
been reported (92).

Micafungin has been successfully utilized in Japan as salvage
therapy for invasive aspergillosis in patients refractory to am-
photericin, but the number of published reports are few (342).
An open-label multicenter study of micafungin in the treat-
ment of 42 patients with invasive aspergillosis in Japan has
been performed (147). The clinical response rate was 60% (6
of 10) in invasive pulmonary aspergillosis, 66.7% (6 of 9) in
chronic necrotizing pulmonary aspergillosis, and 54.5% (12 of
22) in pulmonary aspergilloma. Unfortunately, this informa-
tion has appeared only in abstract form, and the definitions of
each infection type are yet to be documented. Coadministra-
tion of caspofungin and cyclosporine has resulted in increased
concentrations of caspofungin in plasma (a 35% increase in the
area under the curve) but no change in the amount of cyclo-
sporine in the blood (69, 270). The mechanism of this interac-
tion is unclear, although it has been speculated that cyclospor-
ine limits caspofungin uptake into the liver. Healthy volunteers
who received both cyclosporine and caspofungin developed
raised liver function tests (14). However, in a retrospective
study of 40 patients treated during market use, significant el-
evations in transaminases were documented infrequently with
the concomitant use of caspofungin and cyclosporine (184).
Most patients with liver function enzyme elevations had other
causes to account for these, and discontinuations of therapy
because of hepatoxicity were uncommon (184). Coadministra-
tion of caspofungin with tacrolimus has resulted in slightly
reduced tacrolimus levels, but the two can be safely used to-
gether as long as tacrolimus levels are frequently monitored
(69, 268).
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Clinical experience with the combination regimens. In a
study of liver transplant recipients with invasive aspergillosis,
50% of patients treated with amphotericin B lipid complex
received itraconazole concurrently, and 25% received itracon-
azole after completion of therapy with amphotericin B lipid
complex (168). Multivariate analysis did not show benefit from
the addition of itraconazole, but the number of patients with
combination therapy was fewer than 10, and the power of this
study to show an advantage of combination therapy is very
likely lacking.

At least two studies have now described clinical experience
with caspofungin in combination with liposomal amphotericin
in management of invasive aspergillosis (4, 152). This combi-
nation was utilized in 30 leukemic patients who had inadequate
responses to amphotericin alone (4). In 60% of these patients
a favorable antifungal response was seen when combination
therapy was utilized. It should be noted, however, that 20 of 30
patients in this study had possible invasive aspergillosis (4). In
another report, the combination of caspofungin and liposomal
amphotericin was utilized as salvage therapy in patients who
had an inadequate response to liposomal amphotericin mono-
therapy or as primary therapy (152). The combination was
more successful as a primary therapy than as salvage therapy,
although the response rates were not statistically significant (53
versus 35%; P � 0.36).

In a sequential cohort of 47 patients with aspergillosis who
received either voriconazole (n � 31) or a combination of
voriconazole and caspofungin (n � 16) as salvage therapy, the
combination was associated with a significantly improved
3-month survival (hazard ratio, 0.42; 95% CI, 0.17 to 1.1; P �
0.048) (185). Case reports have assessed the combination of
caspofungin and voriconazole (64) or triple combinations with
an amphotericin, azole, and an echinocandin (312). Caspofun-
gin and itraconazole were used successfully in combination in
the treatment of invasive pulmonary aspergillosis in one case
of amphotericin-resistant A. terreus infection and in another
case of A. fumigatus infection in a patient who developed renal
impairment with amphotericin B lipid complex (267). We
would prefer not to recommend the routine primary use of
combination therapy until data from further clinical studies is
available.

Therapy in specific situations. (i) Aspergillus tracheobron-
chitis. Aspergillus tracheobronchitis is most common in lung
transplant recipients but has also been observed in other im-
munocompromised groups (patients with human immunodefi-
ciency virus infection or hematologic malignancies) and rarely
in immunocompetent patients. In lung transplant recipients,
this entity may present as a spectrum of disease, with the most
dangerous end of the spectrum being ulcerative tracheobron-
chial aspergillosis at the anastomosis site. The disease may also
be a precursor to invasive pulmonary aspergillosis. Descrip-
tions of treatment regimens have been in retrospective, non-
randomized series which evaluated only a small number of
patients. A common, although unproven, practice is to com-
bine systemic antifungal therapy (with intravenous amphoter-
icin or voriconazole) and aerosolized amphotericin.

In the initial description of this entity, six patients were
treated with itraconazole (200 mg three times a day for 4 days
as a loading dose and then 200 mg twice a day) (157). The
treatment duration was 4 to 6 months, during which time

repeated bronchoscopic examinations were negative (157).
Two of the six patients in that report died from invasive or
disseminated aspergillosis; both had their course of itracon-
azole interrupted for a number of days. Other treatment alter-
natives which have been successfully used include combina-
tions of intravenous amphotericin B and itraconazole (340),
aersolized amphotericin B and oral itraconazole (333), and
amphotericin B alone (25). Sequential liposomal amphotericin
(1.5 to 3.5 mg/kg/day, to a mean total dose of 3.1 g) and then
itraconazole (400 mg/day) have been successfully used with at
least four patients (203). A single patient who was intolerant of
amphotericin B, liposomal amphotericin, and itraconazole and
who was successfully treated with terbinafine (250 mg every
12 h by mouth for 3 months) has been described (111). Finally,
surgical resection and stent placement may be necessary in
conjunction with antifungal therapy if dehiscence of the anas-
tomosis occurs because of tracheobronchial aspergillosis.

(ii) Allergic bronchopulmonary aspergillosis. Allergic bron-
chopulmonary aspergillosis (ABPA) may sometimes recur fol-
lowing lung transplantation (82). For many years the only
treatment available for ABPA has been steroids. However, a
randomized, double-blind study of itraconazole (200 mg twice
a day for 16 weeks and then 200 mg once a day for 16 weeks)
or a placebo for steroid-dependent ABPA showed a signifi-
cantly greater chance of a response occurring in patients given
itraconazole (304); 46% of patients treated with itraconazole
were able to achieve at least a 50% reduction in steroid dose,
a 25% greater exercise tolerance, and a 25% reduction in
serum immunoglobulin E levels. Itraconazole and corticoste-
roids should now be regarded as the standard of care for most
patients with ABPA. Voriconazole has not yet been studied in
the context of ABPA, and there is one report of the successful
use of nebulized amphotericin in a lung transplant recipient
(46).

(iii) Aspergilloma. Pulmonary aspergillomas result from
fungal growth within a preexisting pulmonary cavity and have
been observed following lung transplantation (333). Occasion-
ally, during the resolution of invasive pulmonary aspergillosis,
“fungus balls” are observed in the cavities cause by the initial
invasive process. Unfortunately, although the infection is usu-
ally localized, erosion of a bronchial artery can lead to life-
threatening hemoptysis. Systemic administration of antifungal
agents is nearly always ineffective (141). Rare successes with
oral itraconazole have been described, although those studies
were retrospective and unblinded and did not contain a control
group (303). Early surgical resection (lobectomy) is the treat-
ment of choice in those patients with adequate lung function.
However, because the surgery may be technically difficult and
associated with significant morbidity and sometimes mortality
and because the underlying lung disease which predisposed the
patient to cavity formation is often severe, lobectomy is not a
realistic option for some patients.

In patients for whom lobectomy is precluded, a surgical
alternative is cavernostomy performed under local or regional
anesthesia. Intracavitary instillation of antifungal agents, in
combination with cavernostomy or as an alternative to surgery,
has been well described, although it only occasionally cures as-
pergillomas. Symptomatic relief may be marked, however (339).

(iv) Infections of the sinuses. Sinus infection by Aspergillus
takes a variety of forms, ranging in severity from fulminant
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acute invasive sinusitis to allergic sinusitis. Invasive sinusitis
may be less common in solid organ transplant recipients than
in bone marrow transplant recipients (Table 6). Allergic sinus-
itis due to Aspergillus may manifest as chronic, intractable si-
nusitis and nasal polyposis. There is no evidence at present that
antifungal agents are useful in the management of this condi-
tion. The usual management involves endoscopic removal of
polyps and inflammatory material followed by long-term intra-
nasal corticosteroids and short-term systemic corticosteroids
(75).

In contrast, fulminant invasive Aspergillus infection of the
sinuses, particularly in neutropenic patients (including stem
cell transplant recipients) has a high mortality. Survival in this
condition is often determined by early diagnosis, recovery from
neutropenia, and possibly the ability to aggressively debride
devitalized tissue (75). Although a review in 1990 (73) showed
that mortality was higher in those treated with a combination
of medical and surgical therapies than in those treated with
medical therapy alone, it is possible that the apparent increase
in mortality following surgery reflected more severe disease in
this group.

Chronic Aspergillus infection in the ethmoid sinus may result
in bony erosion towards the orbit or the cavernous sinuses,
particularly in patients on systemic corticosteroids or with di-
abetes mellitus. The condition has a poor prognosis and should
be treated in a manner similar to that for acute invasive sinus-
itis.

(v) Infections of the central nervous system. Aspergillus in-
fection of the central nervous system is usually manifest as
cerebral space-occupying lesions in the context of disseminated
disease in transplant recipients. Meningitis and spinal cord
involvement are rare.

It is difficult to make conclusions as to the optimal manage-
ment of cerebral aspergillosis other than to reiterate the role of
reduction of immunosuppression and surgical drainage of le-
sions if possible. The clinical response to voriconazole has been
extremely good (67, 72, 173, 182, 282, 324), and this drug may
replace amphotericin as treatment of choice. Studies with gui-
nea pigs have shown that voriconazole has excellent penetra-
tion into the cerebrospinal fluid and the brain (258). At steady
state, drug levels in the central nervous system were double those
found in plasma. A case report of successful salvage therapy with
voriconazole and caspofungin in the management of cerebral
aspergillosis exists (64).

If amphotericin is used, lipid preparations of amphotericin

in high doses may be useful. Doses of 6 mg/kg/day (80) and
higher (57) have been utilized. Long-term intracavitary admin-
istration of amphotericin B via an Ommaya reservoir has been
utilized as an adjunct to radical debridement and the use of
systemic antifungal therapy (43).

(vi) Endophthalmitis. Aspergillus has been documented as a
cause of endophthalmitis, usually as part of a disseminated
infection, in transplant recipients (276). Aspergillus endoph-
thalmitis has a very poor prognosis as a result of delays in
diagnosis and its frequent coexistence with disseminated dis-
ease. Therapeutic vitrectomy is usually essential. Although in-
travitreal injection of amphotericin B is said to be hazardous,
as much as 5 to 10 mg has been safely injected into the center
of the vitreous cavity (97). Most authors have used much
smaller doses intravitreally (0.005 to 0.01 mg). Daily adminis-
tration of subconjunctival amphotericin B (1 to 2 mg) can
follow (266). The question of concomitant systemic antifungal
therapy is vexed. Penetration of amphotericin into the eye is
poor. After intravenous administration, levels of amphotericin
B in the human aqueous humor remain less than 0.5 	g per ml.
There are few data on penetration of lipid formulations of
amphotericin B or echinocandins into the eye. Voriconazole
has been successfully used as therapy for endophthalmitis due
to other fungi (89), so it may be a potentially useful option.

(vii) Infections of skin and soft tissue. Aspergillus may man-
ifest cutaneously as a sign of disseminated infection or may
occur as a primary cutaneous infection, including of postsur-
gical wounds. Primary cutaneous aspergillosis may also be as-
sociated with central venous lines. A. flavus is more common
than A. fumigatus in many of these manifestations. Occasion-
ally, rare species such as A. ustus may be involved in primary
cutaneous infections associated with immunosuppression.

Patients with cutaneous manifestations of documented sys-
temic infections have a poor prognosis despite active therapy.
An exception may be in patients with hematologic disorders in
which neutropenia may be reversed. Successful treatment of
primary cutaneous aspergillosis associated with neutropenia
has been associated with reversal of neutropenia by use of
granulocyte colony-stimulating factor (G-CSF) (115). Ampho-
tericin preparations or voriconazole would be the preferred
initial therapy. Koss et al. (155) described an elderly patient
with acute myelogenous leukemia whose cutaneous infection
with A. flavus failed to respond to amphotericin B lipid com-
plex. Therapy was switched to caspofungin, with dramatic and
sustained improvement.

TABLE 6. Major manifestations of Aspergillus spp. in transplant recipients

Manifestation Transplant group affected Treatment modalities

Invasive pulmonary aspergillosis All Systemic voriconazole, caspofungin, or lipid
formulations of amphotericin

Allergic bronchopulmonary aspergillosis Lung transplant recipients Itraconazole
Aspergilloma Lung transplant recipients Surgical resection
Sinusitis HSCT and lung transplant recipients more than

other solid-organ transplant recipients
Surgery plus systemic agent

Brain abscess All Systemic (voriconazole); surgery if possible
Endophthalmitis All (rare) Surgery, local amphotericin, systemic agent
Surgical wound infection Solid organ transplant recipients Surgery plus systemic agent
Vascular line site HSCT recipients Debridement plus systemic agent
Osteomyelitis All (rare) Surgery plus systemic agent
Endocarditis All (rare) Surgery plus systemic agent
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Numerous reports have demonstrated that postsurgical
wound infection requires aggressive surgical intervention in
addition to antifungal drugs for successful resolution (45, 115).
The surgery may be as aggressive as limb amputation or ex-
tensive debridement of the kind seen in cases of necrotizing
fasciitis. Inadequate debridement can result in deep invasion
into subcutaneous tissue, muscle and sometimes deep viscera.
Systemic antifungal therapy should accompany surgery.

Cutaneous infection associated with long-standing central
venous access devices (especially Hickman catheters) has been
observed in neutropenic patients and is sometimes associated
with the development of underlying pulmonary aspergillosis.
Once Aspergillus infection is suspected, the catheter should be
removed (7). In the largest series reported, nine patients were
treated with intravenous amphotericin (0.75 to 1.25 mg/kg/day)
plus 5-flucytosine (3 to 8 g/day), and seven of the nine survived
(7). The two patients who died did not recover from their
neutropenia. Those authors chose to defer wide debridement
of the eschar until neutropenia had resolved (7). An alternative
approach is immediate extensive chest wall debridement even
while the patient is neutropenic.

(viii) Osteomyelitis. Aspergillus bone infection can be part of
disseminated or local disease in immunocompromised patients
(including transplant recipients, neutropenic patients, and chil-
dren with chronic granulomatous disease). There appears to be
an advantage of surgical therapy in the treatment of bony
aspergillosis. Surgery may be important because amphotericin
B achieves only low concentrations in bone and joint fluid.
Furthermore, the pathology of aspergillosis involves infarction
and necrosis, which result in poor drug delivery to tissues.

Although not well studied, it would not appear that lipid
preparations of amphotericin enhance penetration of ampho-
tericin into bone. However, an advantage of lipid preparations
may be that their comparative lack of nephrotoxicity allows
longer courses to be given, such as may be required for treat-
ment of osteomyelitis. Both flucytosine and rifampin penetrate
well into bone. Concentrations of itraconazole in bone are two-
to threefold higher than those in plasma (118). The entry of
voriconazole into bone has not yet been well studied, although
there are case reports of success with voriconazole where other
agents had failed (306, 311). Adjuncts to surgery and antifun-
gal agents have included hyperbaric oxygen (156) and gamma
interferon. Gamma interferon was used only in children with
chronic granulomatous disease (133).

(ix) Infections of the heart and vascular system. Aspergillus
has been reported to cause endocarditis, myocarditis, pericar-
ditis, mediastinitis, septic thrombophlebitis, and infections of
aortic grafts. Infection is associated with high mortality despite
treatment. In addition, some cases are unsuspected during life
and are discovered only at autopsy (236). Aspergillus endocar-
ditis may occur as part of disseminated disease, as a compli-
cation of cardiac surgery, or rarely de novo (105, 247). Early
surgical intervention with valve replacement is the cornerstone
of successful management. Only a small number of patients
who received medical therapy alone and survived have been
reported (174, 252). Amphotericin penetrates poorly into car-
diac vegetations but nevertheless should probably be used as
adjunctive therapy. High doses (for example, 10 mg/kg/day) of
lipid preparations of amphotericin B have been used (252).
There is very little or no clinical data on the use of voricon-

azole, caspofungin, rifampin, or flucytosine in conjunction with
amphotericin in this setting.

Adjunctive immunotherapy. A general principle of treat-
ment of invasive aspergillosis in transplant recipients is that
immunosuppression should be reduced substantially and pref-
erably discontinued. Very few patients with persistent neutro-
penia and invasive aspergillosis survive; recovery of functional
neutrophils is clearly important. There are anecdotal reports of
utilization of granulocyte transfusions from G-CSF-stimulated
donors during treatment of invasive aspergillosis (48). In one
such study, three of four patients with invasive aspergillosis
had a favorable response (76), and in another, five of nine
patients responded (242). A randomized study comparing the
use of aggressive antifungal therapy with or without granulo-
cyte transfusions is needed to truly determine whether granu-
locyte therapy is of benefit.

Adjunctive immunotherapy comprising gamma interferon
has been utilized. The most established indication for immu-
notherapy is in chronic granulomatous disease (133). In a ran-
domized controlled trial, patients with chronic granulomatous
disease were either given a placebo or gamma interferon (50
	g/m2 of body surface area three times a week) as prophylaxis
against infection. Four of 65 placebo-treated patients devel-
oped Aspergillus pneumonia, compared to 1 of 63 given gamma
interferon (133). Recent experimental studies suggest that
higher doses of gamma interferon than those used in the ran-
domized controlled trial may further enhance protection
against A. fumigatus (3). A small number of clinical reports
have described the use of gamma interferon as an adjunct to
antifungal therapy in children with Aspergillus osteomyelitis
who were not previously given gamma interferon as prophy-
laxis (114, 146, 234). As far as we are aware, there are no
published reports on the use of gamma interferon in transplant
recipients. Given the potential role of gamma interferon in the
pathophysiology of GVHD (5), the use of gamma interferon in
this setting is of concern.

There is some experimental and limited clinical evidence
suggesting that administration of G-CSF or granulocyte-mac-
rophage colony-stimulating factor may be useful as immuno-
therapy against Aspergillus infections (301). There is no clear
evidence that G-CSF results in improved outcomes; clinical
data with granulocyte-macrophage colony-stimulating factor
are from case reports and case series only (28, 31, 80). A den-
dritic cell vaccine against invasive aspergillosis is under devel-
opment, but no clinical trials have yet been published (33).

Surgery for invasive aspergillosis in transplant recipients.
A number of groups have strongly advocated surgery as an
important part of the management of invasive pulmonary as-
pergillosis (24, 93, 107, 191, 271). Surgery was performed on 19
patients with invasive pulmonary aspergillosis (93). These in-
cluded wedge resections in 7 patients and lobectomies in 12.
All but one patient had surgery via a thoracoscopic approach.
Nine of the patients were thrombocytopenic (platelet count of
less than 60,000) on the day of surgery. There was no intraop-
erative mortality, and no patient died in the first 30 postoper-
ative days. In another report, 18 patients underwent surgery for
invasive pulmonary aspergillosis; surgical resection was a pre-
dictor of survival from invasive aspergillosis in this cohort (94).
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INFECTION CONTROL MEASURES

Hospital construction (including indoor renovation) is a
well-acknowledged risk factor for invasive aspergillosis. Vigor-
ous attempts should be made to prevent airborne transmission
of Aspergillus from the sites of construction to the location of
immunosuppressed patients, by use of physical barriers. Addi-
tionally, air filtration systems through high-efficiency particu-
late air filtration (HEPA) filters for units such as those for
bone marrow transplantation have been shown to reduce the
occurrence of invasive aspergillosis (228).

It is recommended that all allogeneic hematopoietic stem
cell transplant recipients be housed in rooms with more than
12 air exchanges per hour and point-of-use high-efficiency
(�99%) particulate HEPA filters with the capacity of remov-
ing particles �0.3 	m in size (79) For autologous transplant
recipients, HEPA-filtered rooms should be considered in the
setting of prolonged neutropenia (79). Laminar airflow can
provide a higher rate of room air exchanges; however, its high
cost and limited availability are potential limitations. Its use is
considered optional for HSCT recipients (79). The need for
environmental HEPA filtration for organ transplant recipients
has not been established. Finally, as noted earlier, there is
emerging evidence that hospital water supplies may also be a
potential source of Aspergillus spp. (10, 11). Precise recommen-
dations on how to monitor hospital water systems have not yet
been forthcoming.

PROPHYLAXIS

Although a number of options exist, an optimal approach to
prophylaxis for invasive aspergillosis in hematopoietic stem
cell as well as organ transplant recipients remains a complex
and an unresolved issue. Careful assessment of the risk of in-
fection, adverse effects of the antifungal agent, potential effi-
cacy of the regimen, and impact of prophylaxis on outcome
must be considered in determining whether prophylaxis should
be administered to all patients or directed towards a subset of
patients, the choice of antifungal agent, and its mode of ad-
ministration.

Organ Transplant Recipients

In liver transplant recipients, low-dose amphotericin B de-
oxycholate in dosages ranging from 0.1 to 0.5 mg/kg/day not
only has been ineffective but has been proposed to increase the
risk of invasive aspergillosis. Low doses (1 mg/kg/day) of lipid
formulations of amphotericin B have also not been effective in
case series (171, 321). Breakthrough infections were docu-
mented in 5% of the patients in one study (171) and in 10% in
another (321) in which Ambisome at 1 mg/kg/day was used. A
lack of cases of invasive aspergillosis precluded meaningful
assessment of the efficacy of 1 mg of liposomal amphotericin B
(Ambisome)/kg/day as prophylaxis against Aspergillus infec-
tions in a randomized trial (315).

At least three studies of liver transplant recipients have
evaluated the efficacy of lipid formulations of amphotericin B
(in dosages of 1 to 5 mg/kg/day) as antifungal prophylaxis (84,
295, 297). Of 31 patients who required �5 days in the intensive
care unit and who received Abelcet (1 to 5 mg/kg/day) as

antifungal prophylaxis, none developed invasive aspergillo-
sis. Antifungal prophylaxis with a lipid formulation of ampho-
tericin B (5 mg/kg/day) targeted towards a cohort of liver
transplant recipients requiring dialysis was associated with a
significantly lower incidence of invasive fungal infections (P �
0.0007), including aspergillosis (P � 0.02) (295). In another
study, administration of a lipid formulation of amphotericin B
(Ambisome or Abelcet at a dose of 100 mg/day) in high-risk
liver transplant recipients led to a reduction in the rate of
invasive aspergillosis from 23 to 5% (84). In dialyzed patients,
the risk of invasive aspergillosis decreased from 32 to 0%. In
both studies, the use of antifungal prophylaxis was indepen-
dently protective against invasive fungal infections. Notably,
however, neither study was able to document a reduction in
mortality with antifungal prophylaxis.

The efficacy of itraconazole in an oral solution as antifungal
prophylaxis has been assessed in two reports on liver transplant
recipients. A randomized, controlled trial of itraconazole in an
oral solution (200 mg every 12 h) versus intravenous or oral
fluconazole (400 mg every 24 h) documented no significant dif-
ference in the incidence of invasive aspergillosis (336). Proven
fungal infections developed in 9% of 97 patients who received
itraconazole (including two cases of aspergillosis), and in 4%
of 91 patients who received fluconazole (including one case of
invasive aspergillosis). Adverse gastrointestinal effects were
documented in a significantly greater number of patients who
received itraconazole (336). Although itraconazole in hydroxy-
propyl-�-cyclodextrin as an oral solution has significantly im-
proved bioavailability compared to the capsule form, critically
ill liver transplant recipients who are unable to eat and have
altered gastric acidity may have impaired absorption and sub-
therapeutic levels even with the oral solution (336).

The incidence of invasive aspergillosis in liver transplant
recipients, while high relative to that in other transplant pa-
tients, ranges from 1 to 2%. If prophylaxis was employed in all
patients, a vast majority, while accruing the expense and po-
tential toxicity of the antifungal agent, would be unlikely to
benefit from it. The strategy of targeted prophylaxis is partic-
ularly well suited for liver transplant recipients in whom the
risk factors for invasive aspergillosis are defined rather pre-
cisely. Retransplantation, a requirement for dialysis, and ful-
minant hepatic failure as an underlying disease (Table 3) are
readily identifiable and objective criteria that may be used to
define the high-risk subgroup.

Far less, however, is known about an optimal choice of
antifungal agent for prophylaxis in these patients. Each of the
currently available drugs have potential limitations if consid-
ered as prophylactic agents. Lipid formulations of amphoteri-
cin B require parenteral administration and are expensive.
Caspofungin also requires parenteral administration. Despite
in vitro data suggesting that caspofungin in combination with
calcineurin or TOR inhibitors may have enhanced activity
against Aspergillus, breakthrough infections in patients on
caspofungin have been noted (150). Voriconazole, because of
its availability in an intravenous and an oral formulation, may
allow a transition to oral therapy and is therefore an attractive
option. However, its significant interactions with the immuno-
suppressive agents are a potential limiting factor. Further-
more, liver transplant recipients in whom prophylaxis is most
needed, i.e., those requiring dialysis, are the very patients in
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whom voriconazole in an intravenous formulation cannot be
employed.

Routine antifungal prophylaxis is not warranted in heart
transplant recipients. However, in patients deemed to be at
high risk (Table 2), itraconazole may be an option (213). Itra-
conazole at 400 mg daily administered orally from day 5 after
transplantation for 3 to 6 months was associated with a signif-
icantly lower incidence of invasive aspergillosis than in an
earlier cohort who did not receive antifungal prophylaxis (2
versus 9.6%; P � 0.05) (213).

Since most Aspergillus infections in lung transplant recipients
are pulmonary or tracheobronchial, an aerosolized mode of
drug delivery would appear to be a rational form of prophy-
laxis. It is proposed that amphotericin B may be delivered
more efficiently to the lung, attaining higher concentrations in
the lung, when administered as an aerosol than by systemic
administration (277). In an immunocompromised rat model,
amphotericin B deoxycholate at 1.6 mg/kg administered 2 days
before infection significantly delayed mortality compared to
that of the controls (278). The mean concentration of ampho-
tericin B in the lung after an intravenous dose of 4 mg/kg was
4.3 	g/g of tissue. The same concentration was achieved with
only two aerosolized doses of 1.6 mg/kg/day (277). Amphoter-
icin B was detectable in bronchoalveolar lavage samples for up
to 24 h after an aerosolization (149). The elimination half-life
of amphotericin B from the lungs after aerosolization of a
single dose of 3.2 mg/kg was 4.8 days (149). A major limitation
of conventional amphotericin B is that deoxycholate tends to
foam upon nebulization, with the potential risk of broncho-
spasm. Since Aspergillus conidia that reach the small airways
and alveolar spaces have diameters of 2.5 to 3.5 	m, the op-
timal size of the aerosols generated is 1 to 5 	m. Particles of
�5 	m in diameter may be retained in the oropharynx and
lead to gastrointestinal side effects and less deposition in the
lungs (26).

Unique issues pertaining to the pharmacokinetics and dis-
tribution of nebulized amphotericin B deoxycholate were as-
sessed in a study of lung transplant recipients (204). The
amount of amphotericin B in the bronchoalveolar lavage fluid
(which is reflective of drug concentrations in the distal airways)
was significantly greater than that in the bronchoalveolar se-
cretions (which more closely approximates the levels in the
proximal airways). The MIC of amphotericin B at which 90%
of the isolates are inhibited for most Aspergillus species was
exceeded in the proximal airways for only 4 h after nebuliza-
tion (204). It has been proposed that in order to effectively
prevent anastomotic infections, a dose of 6 mg/kg administered
three times a day may be required for adequate levels in the
proximal airway, where bronchial anastomosis is located.
Whereas drug deposition in bilateral lung allograft recipients
was symmetrical, the distribution in single lung transplant re-
cipients occurred preferentially in the allograft and was erratic
and nonuniform in the native lung. Finally, the regional drug
distribution correlated closely with lung perfusion. Techni-
tium-labeled amphotericin B was uniformly distributed in 12 of
13 allografts without bronchiolitis obliterans syndrome, com-
pared to 1 of 4 with bronchiolitis obliterans (204).

Aerosolization of the lipid formulations of amphotericin B
has been proposed to enhance drug delivery by causing less
foaming during nebulization. Concentrations in the lung that

were achievable with the lipid formulations were severalfold
higher than those with amphotericin B deoxycholate (6, 53).
An estimated 23% of the dose of liposomal amphotericin B
was retained in a murine pulmonary aspergillosis model, com-
pared to 2.4% retention for amphotericin B deoxycholate, sug-
gesting that the lipid formulation may enhance drug retention
(6). Administration of aerosolized liposomal amphotericin B in
immunocompromised mice subsequently challenged with in-
tranasal spores of A. fumigatus cleared 80% of the lungs, com-
pared to none with amphotericin B deoxycholate (6).

In a prospective, nonrandomized study, the efficacy and
safety of aerosolized amphotericin B lipid complex was as-
sessed in 51 lung transplant recipients (230). Pulmonary fungal
infections developed in two patients, and both were Candida
anastomotic infections. Four patients developed extrapulmo-
nary infections that comprised C. tropicalis fungemia in one
patient, C. albicans peritonitis in two patients, and C. albicans
sinusitis in one patient. No drug was detectable in the sera of
all patients who underwent such testing. No significant adverse
effects related to prophylaxis were documented in the patients.
Fewer than 5% of all treatments were associated with worsen-
ing of the pulmonary mechanics by 20% or more posttreat-
ment.

Small case series and reports have documented the efficacy
of itraconazole as antifungal prophylaxis in colonized patients
(42, 110). However, rigorous clinical trials showing its efficacy
in lung transplant recipients are lacking. A survey of 24 North
American and 19 European centers documented that antifun-
gal prophylaxis was employed in a vast majority of lung trans-
plant recipients. European centers were more likely to use
inhalational amphotericin B, whereas in North America, inha-
lational amphotericin B plus itraconazole was the more com-
monly employed form of antifungal prophylaxis (128).

Hematopoietic Stem Cell Transplant Recipients

Low-dose amphotericin B in hematopoietic stem cell trans-
plant recipients not only is of uncertain benefit but has been
associated with significant toxicity, particularly renal dysfunc-
tion (117, 140, 241, 257, 338). The recently published study of
the North American Marrow Transplant group that compared
low-dose amphotericin B with fluconazole documented As-
pergillus infections in 1 of 159 patients randomized to the
amphotericin B group and in 2 of the 196 patients in the
fluconazole group (338). Drug toxicity leading to discontinua-
tion of prophylaxis was significantly more frequent in the am-
photericin B group. Renal toxicity developed in 13 patients
who received amphotericin B, 3 of whom required dialysis.
Allogeneic compared to autologous transplant recipients were
more likely to experience renal toxicity. Liposomal amphoter-
icin B (Ambisome) at a dose of 2 mg/kg thrice weekly was well
tolerated in a randomized, placebo-controlled study, although
a beneficial effect of prophylaxis against fungal infections could
not be shown (143). Severe infusion-related toxicity led to
premature discontinuation of the trial that intended to com-
pare the efficacy of amphotericin B colloidal dispersion with
that of fluconazole for the prevention of fungal infections in
neutropenic patients (313). Given the uncertain benefit, re-
quirement of parenteral administration, and drug expense, it is
unlikely that lipid formulations of amphotericin B would have
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a significant role as prophylactic agents for aspergillosis in
hematopoietic stem cell transplant recipients.

Aerosolization of amphotericin B has been shown to be
effective in some but not other reports on hematopoietic stem
cell transplant recipients (21, 59, 103, 281). The findings and
the conclusions based on these studies, however, are difficult to
generalize given the variability in the dose, frequency of ad-
ministration, mode of delivery, and concomitant use of other
antifungal prophylaxis and a low number of cases of docu-
mented infections.

The efficacy of itraconazole in an oral solution for antifungal
prophylaxis has been evaluated in at least five randomized
trials that included hematopoietic stem cell transplant recipi-
ents or were conducted exclusively with these patients. Itra-
conazole compared to fluconazole for 100 days in allogeneic
stem cell transplant recipients was associated with significantly
fewer proven fungal infections in the first 180 days after trans-
plantation (337). Four percent (3 of 71) of the patients in the
itraconazole group and 12% (8 of 67) in the fluconazole group
had Aspergillus infections (P � 0.12). Patients receiving itra-
conazole, however, had significantly more gastrointestinal side
effects (24 versus 9%, P � 0.02). The overall mortality did not
differ in the two groups. Aspergillus infections were document-
ed in 4 of 201 itraconazole recipients and in 1 of 204 patients
who received a placebo in a randomized trial with neutropenic
patients with hematologic malignancy and autologous trans-
plant recipients (200).

Of 445 patients randomly assigned to receive itraconazole
solution versus fluconazole, 40% were bone marrow or periph-
eral stem cell transplant recipients (209). There were no prov-
en cases of invasive aspergillosis in the itraconazole group (n �
218), and there were six cases in the fluconazole group (n �
227; P � 0.038). Significantly more patients in the itraconazole
group withdrew from the study because of adverse events
(209). Invasive aspergillosis was documented in 1.8% of 281
patients assigned to receive itraconazole solution, versus 3.3%
of 276 patients assigned to the oral amphotericin group (P �
0.264) (112), in a randomized trial in which 5% of the sample
size accrued were autologous bone marrow transplant recipi-
ents.

In allogeneic stem cell transplant recipients, itraconazole
compared to fluconazole provided greater protection against
invasive mold infections (5 versus 12%; P � 0.03) (188). How-
ever, toxicity and safety issues led to termination of the trial
after 50% of the projected enrollment. Patients who received
itraconazole had higher serum bilirubin and creatinine levels,
with the highest levels in those who received itraconazole con-
currently with cyclophosphamide (189). Azole antifungal
agents that act through inhibition of hepatic cytochrome P450
isoenzymes may affect the metabolism of oxazaphosphorine
and the taxane class of cytotoxic agents. The use of cylophos-
phamide with itraconazole may be associated with a higher risk
of hepatic dysfunction (189), and that of vincristine plus itra-
conazole may be associated with a higher risk of neurotoxicity.

A randomized, double-blind trial of micafungin (an echino-
candin) versus fluconazole for prophylaxis of invasive fungal
infections in hematopoietic stem cell transplant recipients doc-
umented invasive aspergillosis in 0.2% (1 of 425) of patients in
the micafungin group and in 1.5% (7 of 457) of the patients in
the fluconazole group (P � 0.07) (320). Fewer patients in the

micafungin group discontinued the study drug due to an ad-
verse effect (P � 0.058) (320).

The efficacy of newer triazole agents as antifungal prophy-
lactic agents remains to be determined. Benefits of such ap-
proaches, if documented, must be balanced against the poten-
tial risk associated with the emergence of antifungal resistance
or of pathogens that are inherently resistant to the antifungal
agent being used. The use of voriconazole for prophylaxis or
empirical therapy in allogeneic hematopoietic stem cell trans-
plant recipients correlated with an increase in breakthrough
zygomycete infection at one institution (193). In another re-
port, four cases of invasive zygomycosis occurred in HSCT
recipients since voriconazole was used as prophylaxis, whereas
no cases had been detected in 3 years prior (298). Break-
through fungal infections occurred in 12 of 139 HSCT recipi-
ents who received voriconazole and included six cases of zygo-
mycosis (130).

One-third of patients with a history of aspergillosis will ex-
perience a relapse after HSCT transplantation (227). Second-
ary prophylaxis has been shown to be beneficial in this setting
(227). Antifungal prophylaxis with itraconazole, intravenous
amphotericin B, or liposomal amphotericin after HSCT trans-
plantation was associated with relapse in 29% (12 of 41) of
patients with a prior history of aspergillosis, compared to 59%
(4 of 7) in those who received oral amphotericin B or no
prophylaxis (227).

The focus of the studies on antifungal propohylaxis in HSCT
recipients has largely been the prevention of infections in the
conventional high-risk period, i.e., the first 90 to 100 days. A
growing proportion of the Aspergillus infections, however, are
occurring in the late posttransplant period in patients requiring
augmented immunosuppression for GVHD. An optimal ap-
proach or duration of prophylaxis for these patients has not
been defined. Continuation of prophylaxis until the completion
of the immunosuppressive treatment course or until immuno-
suppression is substantially reduced is reasonable (334).
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